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Abstract Climate change, particularly its associated
sea level rise, is major threat to mangrove coastal
areas, and it is essential to develop ways to reduce
vulnerability through strategic management planning.
Vulnerability has three dimensions of exposure to
stresses, associated sensitivity, and related adaptive
capacity, and ways to measure components of each
were trialled at sites in Africa and the South Pacific to
develop an analysis procedure based on ranking. The
approaches of the ranking system for vulnerability
assessment of mangrove systems integrate biotic and
abiotic factors along with human management com-
ponents, using validated methods previously devel-
oped for other research questions. These include
determining mangrove forest health, adjacent ecosys-
tem resilience, the extent and effects of human
impacts, and the environmental conditions of different
mangrove settings. Results of the vulnerability assess-
ment ranking using up to 20 measurements found all
sites to have some components of vulnerability.
Douala Estuary, Cameroon showed the highest vul-
nerability, owing to low tidal range, impacts from non-
climate stressors, and evidence of moderate seaward
edge retreat. Tikina Wai, Fiji showed inherent vul-
nerability owing to location on a subsiding coastline
with a low tidal range, but this was offset by strong
local community management capacity. Rufiji Delta,
Tanzania showed inherent resilience owing to location
on an uplifting coastline with a macrotidal range, but
showed vulnerability from human impacts and lower
local community management capacity. The most
critical components to the vulnerability assessment
were found to be exposure components of relative sea
level trends and sediment supply, and sensitivity
components of forest health, recent spatial changes
and net accretion rates. The results provide a baseline
against which to establish long-term ongoing moni-
toring, allowing continued assessment of the complex
dynamics of climate change impacts, and providing an
information base for strategic management decisions.
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Introduction
Despite the mangrove values of coastal protection, fish
and wildlife habitats, sediment and pollution filtering
and carbon sequestration (Mumby et al. 2004; Spal-
ding et al. 2010; Bouillon 2011) mangrove areas have
rapidly reduced in recent decades (Giri et al. 2011a)
and many remaining habitats suffer from unsustain-
able use (Spalding et al. 2010). Climate change has
recently started to compound the effects of direct
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human pressures (Wong et al. 2014). Degradation and
loss of these coastal buffering systems due to climate
change and direct human impacts negates the coastal
protection they provide during extreme events and
increases their vulnerability, with significant environ-
mental, economic and social consequences for coastal
people.
Vulnerability
Vulnerability is an inclusive concept for analysing
coupled social-ecological response to environmental
change (Kelly and Adger 2000; Turner et al. 2003;
Adger et al. 2007; Fu¨ssel 2007; Polsky et al. 2007;
Mertz et al. 2009), defined as the propensity or
predisposition to be adversely affected (Oppenheimer
et al. 2014). Climate change vulnerability assessments
of ecosystems (Zhao et al. 2007; Johnson and Marshall
2007; Nitschke and Innes 2008; Glick and Stein 2010;
Bell et al. 2011) have followed an outcome/endpoint
interpretation of vulnerability (Remling and Persson
2014), where the solutions are in reducing exposure
through climate change mitigation, and technical and
sectoral adaptation to limit negative outcomes.
Vulnerability has been conceptualised to have three
dimensions: exposure to stresses, associated sensitiv-
ity, and related adaptive capacity (Adger 2006; Polsky
et al. 2007; Fig. 1). Vulnerability assessment incor-
porates a significant range of parameters in building
quantitative and qualitative understanding of the
processes and outcomes of vulnerability (Adger
2006), and its application to intertidal mangrove
ecosystems has the capacity to improve climate
change adaptation planning.
Vulnerability is not, however, a quantitative metric
(Fu¨ssel 2007), but rather is a relative, non-measurable
dimensionless property (Stigter et al. 2006). The three
dimensions of vulnerability have been categorised into
components, or the abstract features upon which to
evaluate exposure, sensitivity and adaptive capacity
Fig. 1 Vulnerability as a
combined function of
exposure, sensitivity and
adaptive capacity (adapted
from Polsky et al. 2007)
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(Polsky et al. 2007). These features can each be
evaluated using a number of measurements (Fig. 1),
which are the observable characteristics of each of the
component features (Polsky et al. 2007). The follow-
ing sections review the exposure, sensitivity and
adaptive capacity components for mangroves, to
identify effective measurements.
Exposure
Exposure refers to extrinsic stresses such as the
magnitude and rate of change that a species or system
is likely to experience (Adger 2006; Fu¨ssel and Klein
2006). Table 1 reviews the key climate change
exposure components affecting mangroves. Temper-
ature warming and the direct effects of increased CO2
have been found to be mostly beneficial to mangroves,
increasing mangrove productivity and latitudinal
range (Field 1995, Alongi 2008, Waycott et al.
2011). Rainfall changes bring greater potential sensi-
tivity, particularly reduced freshwater availability,
which decreases mangrove productivity and biodiver-
sity (Field 1995, Alongi 2008; Waycott et al. 2011).
However, the effects of relative sea level rise have
been found to be the primary exposure of concern,
with detrimental effects on mangroves (Table 1).
Sea level rise projections have recently increased
relative to those considered by sources in Table 1, so
increasing the potential exposure. The Fourth Inter-
governmental Panel on Climate Change (IPCC)
assessment predicted a global sea level rise of
0.18–0.59 m by the end of the 21st century (Meehl
et al. 2007). The Fifth IPCC assessment projects a
global rise in mean sea level for 2081–2100 relative to
1986–2005 of 0.2–0.98 m, depending on different
emissions scenarios. The highest scenario would give
a rate at the end of the 21st century of 8–16 mm a-1
(Church et al. 2013), increased from a previous
maximum of 9.7 mm a-1 (Meehl et al. 2007). Since
the mid-19th century sea level rise increased relative
to the previous two millennia, with global mean sea
level rising by 0.19 m 1901–2010, and is very likely to
have accelerated after 1993 (Church et al. 2013).
Coastlines that are subsiding (Syvitski et al. 2009)
would have greater exposure.
Other environmental conditions as well as climate
change contribute to the susceptibility of a system to
harm (Stern et al. 2013). While sea-level rise and
reduced precipitation are exposure components
directly related to climate change, mangroves have
exposure factors independent of climate change that
may cause increased sensitivity as stress increases.
These are characterised by different mangrove geo-
morphic settings and include tidal range, fluvial
sediment supply, variability in wave energy, and lead
to different specific vulnerabilities (Table 2). River-
dominated settings are more vulnerable to changes in
catchment runoff and therefore freshwater availability
and sediment supply, while low island settings may be
more vulnerable to relative sea-level rise owing to a
combination of limited mineral sedimentation and low
root mass accumulation (McKee 2011). Tide-domi-
nated systems occur mostly on higher tidal range
coastlines with active tidal currents, where change in
sediment supply may cause erosion and mangrove
vulnerability.
Sensitivity
Sensitivity refers to innate characteristics of a species
or system and considers the degree to which the
system is affected by exposure (Turner et al. 2003; Ebi
et al. 2006), such as damages caused by an increase in
the frequency of coastal flooding due to sea level rise
(Intergovernmental Panel on Climate Change (IPCC)
2014). There is a well-researched literature on the
influence of environmental conditions on mangrove
forest structure, composition and productivity (Clough
1992; Komiyama et al. 2008; Alongi 2009), and
similarly interpretation of degree of human impact,
and these methods can be applied to climate change
sensitivity (Alongi 2008; Pellegrini et al. 2009). Hence
vulnerability is shown by decline in forest condition,
productivity, biodiversity, and increase in mortality
(Table 1), relative to forest biomass or productivity
characteristics of pristine mangrove physiognomic
types at different latitudes (Lugo and Snedaker 1974;
Saenger and Snedaker 1993).
Permanent plots are a well-established technique for
long-term monitoring of mangroves (English et al.
1997), and mean diameter at breast height (DBH) or
basal area can provide a basis for monitoring status and
change in mangrove community structure, biomass,
growth and productivity. As forest structural character-
istics decrease, productivity from litterfall also decreases
(Ntyam et al. 2014). Mean DBH of [27 cm identifies
maximum structural development and height, interme-
diate 14.8–4.5 cm, and low structural development
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gives lower values and indicates mangrove sensitivity to
stressors (Pellegrini et al. 2009). Pristine mangrove
forests with minimal impacts have been shown to have a
basal area of [25 m2 ha-1 (Komiyama et al. 2008;
Kauffman et al. 2011), secondary forest has been found
to have basal areas of around 15 m2 ha-1 (Komiyama
et al. 2008; Cavalcanti et al. 2009), and disturbed forests
show basal areas of \10 m2 ha-1 (Komiyama et al.
2008), giving guidance to interpretation of forest
condition.
Mangrove mortality as a result of exposure factors
such as sea level rise or drier conditions causes
mangrove area loss or coastal retreat (Giri et al.
2011a), and such shoreline change is an indicator of
the risks of sea level rise (Jallow et al. 1999; Freitas
et al. 2006; Rao et al. 2008; Dwarakish et al. 2009; Giri
et al. 2011a, 2011b; Yin et al. 2012). Spatial change
analysis showing mangrove seaward retreat has been
attributed to local relative sea-level rise (Gilman et al.
2007; Shearman 2010), or human impacts (Tran Thi
et al. 2014), hence it can be utilised as an indicator of
mangrove area sensitivity.
Adaptive capacity
The term adaptation as used in the global change field
has its origins in the natural sciences, particularly in
evolutionary biology (Smit and Wandel 2006). Adap-
tive capacity refers to the ability of a species or system
to accommodate or cope with climate change impacts
with minimal disruption (Glick and Stein 2010). This
can be through ecosystem or species response, and
through human actions that reduce vulnerability to
actual or expected changes in climate.
For mangrove ecosystems, if net vertical accretion
does not keep up with relative sea level rise then
adaptation is through inland migration, there depend-
ing on suitable topography and available areas (Gil-
man et al. 2008; Faraco et al. 2010). Local
communities and stakeholders also develop adaptive
capability through their management capacity, sup-
ported by effective legislation that enables mangrove
protection from non-climate stressors. Effective sus-
tainable management promotes mangrove resilience, a
concept linked with adaptive capacity as the ability to
absorb and recover from the effects of disturbance
(Turner et al. 2003; Intergovernmental Panel on
Climate Change (IPCC) 2014).
Vulnerability ranking
Risk-hazard approaches are a classical conceptualisa-
tion of vulnerability in its evolution over the last few
decades (Fu¨ssel 2007). Coastal risk classifications
have assigned ranks to variables such as relief, rock
type, geomorphology, relative sea level trends, tidal
range, shoreline displacement and wave height (Gor-
nitz 1991; Gornitz et al. 1993; Freitas et al. 2006; Diez
et al. 2007; Hegde and Reju 2007; Rao et al. 2008;
Dwarakish et al. 2009; Abuodha and Woodroffe 2010;
Table 2 Mangrove geomorphic settings and their controlling attributes (adapted from Thom 1984; Ellison 2009)
Attributes River-dominated Tide-dominated Wave-dominated River- and wave-
dominated
Low island
Geomorphic
setting
Deltaic
distributaries
Estuarine with elongated
islands
Barrier islands/spits and
lagoons
Distributaries and
lagoons
Marine-
dominated
Sediment
source
Allochthonous Allochthonous Autochthonous Allochthonous Autochthonous
Tidal range Low High Any Any Low
Dominant
process
Freshwater
discharge
Tidal currents Wave energy Wave energy and
freshwater
discharge
Sea level
Mangrove
locations
Seaward edge and
distributaries
Tidal creeks and islands Inside lagoons Low energy
distributaries and
lagoons
Fringing or
basin
Specific
vulnerability
Change in discharge
and sediment
supply
Increased tidal action;
change in sediment
budgets
Increased wave action;
change in sediment
budgets
Reduction in
sediment supply
Low net
accretion
rates
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Pendleton et al. 2010; Ozyurt and Ergin 2010; Yin
et al. 2012; Frihy and El-Sayed 2013). Mangrove
shorelines were ranked in these as having very high
vulnerability (Diez et al. 2007; Hegde and Reju 2007;
Rao et al. 2008; Ozyurt and Ergin 2010), and
unconsolidated sedimentary shores or coastal wet-
lands also classified as having very high vulnerability
(Gornitz 1991; Gornitz et al. 1993; Freitas et al. 2006;
Dwarakish et al. 2009). The assigning of rank was
developed because such vulnerability databases com-
prise both qualitative as well as quantitative informa-
tion (Gornitz 1991).
Relative sea level rise is a key variable to a coastal
risk assessment (Gornitz et al. 1993; Diez et al. 2007;
Yin et al. 2012; Frihy and El-Sayed 2013), incorpo-
rating local factors such as long term regional down-
warping and sediment compaction that contribute to
subsidence. On coasts such as the US these trends can
be interpreted from tide gauge records (Gornitz et al.
1993), with the Chinese coast having 52 long term tide
gauges from which to determine relative sea level
change risks (Yin et al. 2012). For mangroves, many
tropical shorelines lack such long-term gauges (Gil-
man et al. 2006; Mcleod et al. 2010), so relative sea
level trends derived from tide gauges cannot be
included in a coastal vulnerability assessment (Grav-
elle and Mimura 2008; Al-Jeneid et al. 2008; Rao et al.
2008; Ksiksi et al. 2012). Relative sea level trends in
mangrove environments can however be reconstructed
from palaeoecological records, if such sea level
indicator points are accurately related to tidal datum
(Ellison 2005).
The variable of tidal range has been interpreted
differently in coastal vulnerability assessments. Some
ranked microtidal range as low risk and macrotidal
range as very high risk (Gornitz 1991, Gornitz et al.
1993; Diez et al. 2007; Rao et al. 2008; Yin et al.
2012). This was justified because macrotidal ranges
result in a broad zone of intertidal wetlands, which
increase inundation hazards (Diez et al. 2007), and
also are associated with strong tidal currents capable
of erosion (Gornitz 1991, Gornitz et al. 1993). Others
assigned microtidal range to be high risk and
macrotidal range to be low risk (Dwarakish et al.
2009; Ozyurt and Ergin 2010), considering that
microtidal coasts are more vulnerable to storm
impacts as water level is always within a meter or
so of high tide, whereas on a 4 m tidal range
shoreline there is 50 % chance that the tidal level
will be 2 m below high tide level when a storm hits
(Dwarakish et al. 2009).
In mangroves, tidal range and coastal gradient
control the lateral extent of the swamp as well as
species zones within the mangroves, with mangroves
primarily located between mean sea level and high
tide elevations (Ellison 2009). Assuming similar
gradients, mangroves in macrotidal areas have a
greater lateral extent than mangroves in microtidal
areas (Fig. 2). Relative sea level rise causes upward
movement of the tidal range, introducing a range in
vulnerability of mangroves to relative sea level rise
demonstrated in Fig. 2, in that that a sea level rise
will cause a greater relocation of intertidal habitats in
microtidal areas relative to macrotidal areas. Assum-
ing similar low net vertical accretion to clarify this
point, a 1 m sea-level rise by 2100 will only cause a
partial relocation of mangroves in a 4 m tidal range
area, but a total relocation in a 1 m tidal range area.
Mangrove surface gradients in Fig. 2 are vertically
exaggerated relative to those found in mangrove
systems, with typical mangrove gradients being very
low, such as c. 0.01 % (Ellison 2005). Hence
horizontal relocation with 1 m of relative sea level
rise would be very significant. Successful mangrove
ecosystem relocation requires not only habitat avail-
ability, but also mangrove soil formation with
suitable soil physio-chemical properties, and suc-
cessful migration and establishment of ecosystem
associates.
Vulnerability assessment
Participatory vulnerability assessments allow for the
recognition of multiple stimuli beyond those related to
climate (Smit and Wandel 2006), and vulnerability
assessments of mangroves to climate change have
been recognised by UNEP as necessary to be able to
provide early warning and remedial measures (Diop
2003). While mangrove vulnerability and adaptation
options have been reviewed (McLeod and Salm 2006;
Gilman et al. 2006; Lovelock and Ellison 2007;
Gilman et al. 2008; Gehrke et al. 2011; Waycott et al.
2011; Ellison 2014a), these did not extend into
recognised dimensions, components and measure-
ments of vulnerability as described by Polsky et al.
(2007) to allow a generalised replicable approach.
A risk ranking system for mangroves could identify
aspects of the forest system most susceptible to
120 Wetlands Ecol Manage (2015) 23:115–137
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disturbance under a changing climate (Dale et al.
2001), and the strengthening of management frame-
works to conduct site specific assessment of mangrove
vulnerability including the use of results in planning
has been identified as a need by many Pacific island
mangrove managers (Gilman et al. 2006). Vulnerabil-
ity protocols that couple ecosystem research and
socioeconomic scenarios have also been identified as a
need for African countries (Dixon et al. 2003).
Identification of appropriate metrics for measuring
mangrove vulnerability to effects of climate change is
a critical need for designing climate-smart conserva-
tion (Hansen et al. 2010).
Objective
The objective of this study was to investigate compo-
nents of a climate change mangrove vulnerability
assessment through measurements at several sites, and
develop an analysis procedure to allow mangrove
managers to identify specific vulnerabilities, to facil-
itate strategic management planning. With coastal risk
classifications placing mangroves among the highest
ranked of shoreline types in their vulnerability, this
study develops a higher resolution of ranking within
such mangrove shorelines, using the most relevant of
risk variables combined with measurements of
Fig. 2 Comparison of sea level rise relocation of the mangrove habitat in macrotidal relative to microtidal settings
Wetlands Ecol Manage (2015) 23:115–137 121
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components of mangrove exposure, sensitivity and
adaptive capacity.
Methods
Study areas
Mangrove vulnerability assessment trials were con-
ducted through World Wildlife Fund (WWF) program
offices over a 4 year period in three countries of Africa
and the Pacific Islands: Cameroon, Tanzania, and Fiji
(Fig. 3; Table 3). These sites were selected for the
following reasons:
1. Tropical Africa and the South Pacific are partic-
ularly vulnerable to global climate change (Dixon
et al. 2003; Gilman et al. 2006; IPCC 2007),
because of physical and geographical character-
istics and low institutional capacity (Heileman
and Cabanban 2013).
2. All the sites are deltaic/estuarine and so represent
the most extensive types of mangroves worldwide
(Giri et al. 2011a).
3. All the sites have a comparable number of six to
eight true mangrove species, one having Atlantic
species and two having eastern Asian species
(Table 3).
4. All the sites lack a record of relative sea level trends
from long term tide gauges, which is typical of most
mangrove coastlines of the world, providing an
opportunity to investigate alternate methods.
5. Two of the sites have microtidal ranges, which for
mangrove systems are likely to be most vulnerable
to sea level rise.
6. The sites are occupied by traditional cultures that
are dependent on the natural resources provided
by healthy coastal ecosystems.
Primary sites were selected in each country, each
with the criteria of being a significant mangrove area
with a resource-dependent community having previ-
ous involvement with resource management projects.
Fig. 3 Location of primary mangrove vulnerability assessment trial sites
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In Tanzania this was the largest mangrove area in the
country with some variety across its expanse, and in
Cameroon and Fiji most vulnerability assessment
components were trialled at two further sites.
Vulnerability assessment methodology
The vulnerability assessment methodology was
designed to identify components of the mangrove
system that may be already experiencing climate
change impacts, and which were most vulnerable to
future impacts. An interdisciplinary combination of
approaches was trialled (Table 4), preceded by an
initial review existing information of relevance (e.g.
Ellison and Fiu 2010). The desktop review of existing
information also fulfilled steps necessary before a
vulnerability assessment (Schro¨ter et al. 2005), of
stakeholder involvement and site definition. Field and
analysis methods for each trialled component are
provided in the sources listed in Table 4, and
described in Ellison (2012).
To obtain an overall mangrove vulnerability
assessment, results from the measured components
of vulnerability (Table 4) were assigned ranks based
on guidance from the literature (Tables 1, 2). Rank
criteria developed for each vulnerability dimension at
each site are shown in Table 5, where 1 is low
vulnerability and 5 is high, and results were averaged
to give an overall vulnerability rank:
Vulnerability rank
¼ Total of component rank scores
Number of components completed
:
Figure 1 identified the three vulnerability dimen-
sions, Tables 2 and 4 defined their components for
mangrove systems, and Fig. 4 adds the measures used
for mangrove vulnerability components in this study.
This approach builds a vulnerability scoping diagram
(Polsky et al. 2007) that allows comparable approaches
to vulnerability assessment in different settings, here
applied to mangrove systems (Fig. 4). Applications of
this approach have included climate change impacts on
water supply, coastal tourism (Moreno and Becken
2009), the wine industry (Nicholas and Durham 2012)
as well as vulnerability to hurricane impacts (Wang
and Yarnal 2012) among others.
Stakeholder groups were involved in each country
throughout planning and implementation stages, with
workshops used at the commencement of the vulner-
ability assessment for scoping and information-shar-
ing. Stakeholder contributions were enabled by
ongoing communication through facilitator consulta-
tion, emails, meetings and sharing of reports and
results. Towards the end of the assessment, workshops
contributed the vulnerability assessment findings to
regional scale planning, the improvement of policy
and the identification of management priorities to
promote adaptation measures. Stakeholder involve-
ment, local management capacity and effectiveness of
legislation in the mangrove area was assessed from
results of structured interviews with stakeholders and
local community members, with ranking allowing
comparison of qualitative and quantitative informa-
tion (Gornitz 1991).
Results
Primary sites at Douala Estuary, Cameroon and Tikina
Wai, Fiji were within 30 km of a high technology tide
gauge from which tidal range could be determined, but
both were of too short a record from which to gain a
relative sea level trend (Pugh 1987). Rufiji Delta was
remote from tide gauge records so at all sites relative
sea level trends were interpreted from mangrove
palaeoecological reconstruction (Ellison and Zouh
2012; Punwong et al. 2013; Ellison and Strickland
2013). All primary sites were located in deltaic or
estuarine geomorphic settings, with fluvial sediment
supply, which was confirmed by high inorganic
content in mangrove sediments. It was found that
available precipitation modelling results were of
insufficient detail and certainty to assess potential
vulnerability (Fiu et al. 2010), or only indicating
changes in rainfall timing in the case of Tanzania
(Taylor 2011). As rainfall projections improve in
future, this component could be better incorporated in
future mangrove assessments.
For forest assessment, at Douala in Cameroon,
mangrove forest measurements of basal area, mortal-
ity and recruitment trends were carried out at nine
permanent sample plots of 0.1 ha in size, including
incorporation of plots already established (Ajonina
2008) to allow a 7–8 years repeat measurement
(Ajonina and Chuyong 2011; Ajonina et al. 2014). In
Fiji, similar forest assessments were carried out at
Tikina Wai, of forest community structure, height and
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diameter, and density of seedlings, with measurements
repeated 2 years later (Fiu et al. 2010). The local
community was involved in assessment of mangrove
condition and collection of productivity monitoring
data per m2 to indicate vegetative production and the
timing of flowering and fruiting. In Tanzania, man-
grove forest measurements were carried out
2007–2009 at 480 permanent plots at 20 sites across
the delta in shore-normal transects (Wagner and
Sallema-Mtui 2010), combined with a more widescale
assessment of mangrove condition.
Spatial change analysis of the Douala Estuary
mangroves 1975–2010 showed some seaward edge
retreat but stable landward margins (Ellison and Zouh
2012). Recent spatial changes in mangrove areas of all
three Fiji sites were carried out by the Wildlife
Conservation Society and University of the South
Pacific using GIS analysis to show little change over
the last several decades (Fiu et al. 2010). In Tanzania,
analysis of satellite images showed a moderate
reduction in mangrove area including seaward edge
retreat in the last decade (Wagner and Sallema-Mtui
Table 4 Components and measurement techniques used in mangrove vulnerability assessment
Dimension
of
Vulnerability
Component Measurement Sources
Exposure Relative sea
level trends
Tide gauge records, or stratigraphy,
radiocarbon dating and pollen analysis
Ellison and Zouh (2012), Punwong et al. (2013),
Ellison and Strickland (2013)
Tidal range Tide gauge records Permanent Service for Mean Sea Level 2014
Sediment
supply type
Assessment of geomorphic setting Table 2
Precipitation
change
Assessment of available climate (rainfall)
projections
Fiu et al. (2010), Taylor (2011)
Sensitivity Mangrove
forest health
Transect-based permanent plots, and rapid
condition assessment methods. Mangrove
basal area and change trends, recruitment,
mortality, mangrove productivity
Ajonina (2008), Ajonina et al. (2009), Wagner
and Sallema-Mtui (2010), Fiu et al. (2010),
Ajonina and Chuyong (2011), Ellison et al.
(2012), Ajonina et al. (2014)
Seaward edge
retreat
Recent spatial changes of mangroves; air
photograph and satellite image analysis of
change by GIS
Wagner and Sallema-Mtui (2010), Ellison and
Zouh (2012), Burgess et al. (2013)
Reduction in
mangrove
area
Elevations
within the
mangroves
Topographic survey Ellison and Zouh (2012), Ellison and Strickland
(2013)
Net accretion
rates under
mangroves
Radiocarbon dates on stratigraphy,
sedimentation rods
Fiu et al. (2010), Ellison and Zouh (2012),
Punwong et al. (2013), Ellison and Strickland
(2013)
Adjacent
ecosystem
resilience
Coral reef and seagrass monitoring standard
methods
Fiu et al. (2010), Obura (2010)
Adaptive
capacity
Mangrove
protection
status
Compilation of local community knowledge;
facilitated workshops; structured
questionnaire surveys
Ajonina et al. (2009), Fiu et al. (2010), Wagner
and Sallema-Mtui (2010)
Local
management
capacity
Stakeholder
involvement
Elevations
above the
mangroves
Topographic survey Kimeu and Machano (2011)
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2010), and 20 years of analysis showed landward
mangrove loss with rice farming expansion (Burgess
et al. 2013). Mangrove area reduction trends were also
found in an earlier study (Wang et al. 2003).
Elevations within the mangrove zones were sur-
veyed as part of relative sea level reconstructions
(Ellison and Zouh 2012; Ellison and Strickland 2013),
finding both in Cameroon and Fiji that Rhizophora
genera occupied the greater elevational ranges, of
48 cm in Cameroon and 100 cm in Fiji. Other species
zones showed tighter elevational ranges, with Brugui-
era within 60 cm in Fiji and Avicennia and Laguncu-
laria occupying less than 20 cm in Cameroon.
Potential migration areas were surveyed inland of
the northern Rufiji Delta using differential GPS
(Kimeu and Machano 2011; Ellison 2012). Results
showed available low gradient areas (0.02 %) inland
of current mangroves at incremental elevations up to
1 m above highest high water, with lack of barriers to
migration such as roads or railways.
Net accretion rates under mangroves at Tikina Wai
were monitored over several years using deeply
inserted rods (Fiu et al. 2010), with results showing
some variable surface elevation changes. Net long
term accretion rates in stratigraphy under central and
landward mangroves were found to be
1.1–2.0 mm a-1, and pollen analysis showed that
mangrove zones have not quite kept up with relative
sea level rise of 2.1 mm a-1, with mangrove zones
retreating landwards (Ellison and Strickland 2013). In
the Rufiji Delta, Punwong et al. (2013) showed
landward and seaward mangrove stratigraphy to have
net accretion rates of 3 mm a-1, and like Tikina Wai
dominated by inorganic sources. At Douala, Camer-
oon, net accretion rates under mangroves were found
to be c. 2.6 mm a-1 (Ellison and Zouh 2012; Ellison,
in press). Net accretion rates can be interpreted from
stratigraphy (McKee et al. 2007) as a low cost
alternative to use of surface elevation tables, though
use of such methodology would allow interpretation of
Fig. 4 Vulnerability
scoping diagram for
mangrove systems
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the contributing factors to surface elevation change
and variation over time (Rybczyk and Callaway 2009;
Krauss et al. 2010).
At Tikina Wai, extensive seagrass and coral reef
surveys were conducted along the mangrove coastline
of adjacent ecosystem health in the area, with an initial
inventory in 2007 and a second monitoring survey in
2008 (Fiu et al. 2010). Coral reef inventories utilised
earlier monitoring by WWF going back to 2002, and
found that the condition of offshore reefs has remained
resilient, while inshore seagrass beds showed some
impacts in particular from sedimentation. At key coral
reef sites offshore of the Rufiji mangrove area, a reef
baseline inventory was carried out in 2007 and
repeated in 2009 (Obura 2010), finding reefs to be in
good condition and on a recovery trajectory from a
previous coral bleaching event. Both coral reef reports
from Fiji and Tanzania commented on the protective
functions that coastal mangroves provide to offshore
coral reef health.
Overall ranking results derived from each primary
site (Fig. 3; Table 3) are shown in Table 6 using the
rank criteria for analysis of each measurement
(Table 5) to interpret results from each site. Sources
giving details of results from each component are
given in Table 4. Some site assessments could not
complete all components of the vulnerability assess-
ment, due to limited budgets or the mangrove site not
having adjacent coral reefs. Rank results are averaged
in the last row of Table 6 to give an overall vulner-
ability rank for each site.
Figure 5 shows a vulnerability triangle plotting the
mean of rank results for exposure, sensitivity and
adaptive capacity (Table 6), following Hahn et al.
(2009), where the greater area of the triangle shows
greater vulnerability. It shows that mangroves of
Tikina Wai, Fiji have most exposure to climate change
and sea level rise impacts of the three study sites,
followed closely by Douala, Cameroon, while expo-
sure at Rufiji, Tanzania is lower. Cameroon leads the
other two sites in vulnerability as a result of sensitivity
and adaptive capacity components.
Discussion
Results of the vulnerability assessment ranking using
up to 20 measurements found all sites to have some
components of vulnerability (Table 6), where 1 is low
vulnerability and 5 is very high vulnerability
(Table 5). Ranks of 1–2 indicate mangrove areas that
have current resilience, which could be enhanced by
reducing the rank of any vulnerability components that
are higher than 1. Ranks of 2–4 would indicate some
core vulnerability that targeted management could
improve. Vulnerability ranks of above four would
indicate mangroves with very high vulnerability,
requiring immediate management actions.
The Douala Estuary mangroves of Cameroon were
found to have some inherent vulnerability due to the
low tidal range (Table 6), and showing moderate
seaward edge retreat (Ellison and Zouh 2012).
Vulnerability could be reduced by better control of
non-climate stressors to increase the resilience of
habitats and species to the effects of climate change
(Erwin 2009), which can be achieved through
improvement of local management and reduction of
human impacts (Ajonina et al. 2009). Priorities for
management in mangrove areas located in such low
tidal range regions are to plan inland migration areas
and strategic mangroves protected areas, and to
undertake management activities that enhance vertical
accretion within the mangroves (Ellison and Zouh
2012). Planning inland migration areas could consider
removal of barriers to migration and engage collab-
orative planning of suitable areas with local commu-
nities. Mangrove protected areas that are strategic
during climate change are those with a reliable
sediment supply and high species diversity. Strategies
to promote mangrove substrate accretion are summa-
rised in Fig. 6.
The Rufiji mangroves have some inherent resil-
ience, with a higher tidal range than Cameroon or Fiji,
positioned at the delta of a major river with high
sediment inputs, and apparently experiencing slight
longterm tectonic uplift (Punwong et al. 2013). The
river catchment is not currently predicted to receive
reduced rainfall as a result of climate change, although
there is uncertainty (Taylor 2011). Much of the delta is
also relatively sheltered from storm effects by the
large Mafia Island offshore (Fig. 3). While GIS
analysis and forest assessment results showed resil-
ience in the majority of the mangrove area, there have
been losses of mangroves on the landward margins
owing to human disturbance, particularly from the
conversion of mangrove habitat to rice cultivation
(Burgess et al. 2013). The vulnerability of the
mangrove areas in the Rufiji Delta can be reduced
128 Wetlands Ecol Manage (2015) 23:115–137
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through further efforts by local communities and
stakeholders to replant degraded mangrove areas
(Burgess et al. 2013), to enhance accretion though
root mat growth and sediment trapping in root
systems.
The mangrove areas of Tikina Wai, Fiji, show
inherent vulnerability owing to their location on a
subsiding coastline along with a low tidal range
(Table 6). However, the area showed lack of spatial
change over the last few decades and strong involve-
ment of local communities in mangrove, seagrass and
reef management (Fiu et al. 2010). Vulnerability could
be reduced by further enhancing local management
capacity to reverse offshore seagrass degradation, as
seagrass provides a sediment supply to mangroves. As
for Cameroon, promotion of surface elevation increase
would reduce vulnerability (Ellison and Strickland
2013), and with mangrove sediment showing a high
Table 6 Vulnerability assessment ranking results for the three primary study sites. Rank results are averaged in the last row to give
an overall vulnerability rank for each site, shown in bold
Components Douala Estuary, Cameroon Rufiji Delta, Tanzania Tikina Wai, Fiji
Exposure
Tidal range 4 (1–1.5 m) 1 ([3 m) 4 (1–1.5 m)
Relative sea level rise
(RSLR)
3 (Site stable) 2 (Site slightly uplifting) 4 (Site slowly subsiding)
Sediment supply rate 2 (Fairly high) 2 (Fairly high) 4 (Fairly low)
Climate modelling n/a 2 (Rainfall unchanged) n/a
Sensitivity
Mangrove condition 2 (Moderate impact) 1 (No or slight impact) 1 (No or slight impact)
Mangrove basal area (m2 per
hectare)
2 (15–25) 2 (15–25) 1 ([25)
Basal area change 1 (Positive) 1 (Positive) 1 (Positive)
Recruitment 2 (Most species producing
seedlings)
1 (All species producing
seedlings)
1 (All species producing seedlings)
Mortality 1 (\4 %) 1 (\4 %) 1 (\4 %)
Litter productivity n/d n/d 1 (High, including[20 % fruits and
flowers)
GIS-seaward edge retreat 2 (Some) 2 (Some) 1 (None)
GIS-reduction in mangrove
area
1 (None or little) 3 (Moderate) 1 (None or little)
Elevation ranges of mangrove
zones
4 (30–50 cm) 1 (60 ? cm) 2 (50–60 cm)
Net accretion rates in
mangroves
3 (Equal to RSLR) 1 ([1 mm Greater than
RSLR)
4 (\1 mm Less than RSLR)
Adjacent coral reef resilience n/a 2 (High) 1 (Very high)
Adjacent sea grass resilience n/a n/d 3 (Moderate)
Adaptive capacity
Elevations above mangroves 3 (Some migration areas
available)
1 (Migration areas very
available)
3 (Some migration areas available)
Community management
capacity
2 (Fairly good) 4 (Poor) 1 (Good)
Stakeholder involvement 2 (Fairly good) 3 (Moderate) 1 (Good)
Mangrove protection
legislation
3 (Moderate) 1 (Good) 3 (Moderate)
Total 37 30 38
Number of components 16 18 19
Vulnerability rank 2.3 1.8 2.0
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proportion of inorganic sediment in mangrove sub-
strate there is capacity to increase net vertical accre-
tion by increased autochthonous contribution (Fig. 6).
The vulnerability of Tikina Wai could be further
reduced by planning of inland migration areas and by
working with the government to improve mangrove-
related protection legislation to reduce non-climate
stressors.
The most critical components to the vulnerability
assessment were found to be the exposure components
of relative sea level trends and sediment supply
(Table 1), and the sensitivity components of forest
health, recent spatial changes and net sedimentation
rates. These are likely to be the components in the
mangrove ecosystem (Table 1) that lead to an ecosys-
tem regime shift or ‘‘tipping point’’ (Lenton et al.
2008; Eslami-Andergoli et al. 2014), whereas other
components are those that contribute to vulnerability
but are less critical. Other studies (Rao et al. 2008;
Hahn et al. 2009; Yin et al. 2012) have used weighting
of more critical components such as spatial change and
coastal slope in a vulnerability assessment. Use of a
vulnerability ranking average in this study makes the
component ranking method easily adjustable if a
component is either not relevant to the mangrove area
or is not able to be carried out, and keeps the
calculation easy to use by mangrove managers. Hence
weighting was achieved by assigning more than one
ranked measurement to these critical components,
such as both seaward edge retreat and reduction in
mangrove area from the analysis of spatial change
over time (Tables 4, 5).
Vulnerability components found to be of higher
rank relative to others can be specifically targeted in
prioritisation of management decisions (Ellison
2012; 2014b). Targeted management strategies can
reduce any identified vulnerability, of components
giving higher rank results, such as two or above
(Table 5) with a management objective of reducing
that rank from higher to lower. Exposure components
are not able to be reduced because they are extrinsic
to the system, such as tidal range and sediment
supply type, as these are a consequence of the
geomorphic setting and the mangrove area’s location.
Adaptive capacity to the higher ranked exposure
components can however be improved by manage-
ment actions, such as planning inland migration areas
or actions to enhance the net sedimentation rate
(Fig. 6). Sensitivity components that are found to be
of a higher rank vulnerability can be improved by
mangrove managers, such as reduction in non-
climate stressors that may be impacting mangrove
forest health, and rehabilitation of degraded areas
through mangrove planting.
Effective legislation and management capacity can
either contribute to sensitivity or adaptive capacity in
mangrove vulnerability (Faraco et al. 2010). This
study included these components in the dimension of
adaptive capacity, as effectiveness of legislation or
management capacity through sustainable use of
mangrove resources can be a sensitivity component
if the situation is poor, or more proactively become an
adaptive capacity component that could reduce sensi-
tivity. Similarly, sedimentation rates in mangroves can
be an adaptive capacity factor (Li et al. 2014) if this
can keep pace with relative sea level rise, or a
sensitivity factor if not. As sedimentation is linked to
associated components of elevations and forest health,
and is affected by the exposure component of rising
sea level through reduction in root mat growth and
increase in surface compaction, this study found it to
be a better precaution to retain it as a sensitivity
component.
The vulnerability trials conducted in this study
found that the criteria that should guide a vulnerability
assessment described by Schro¨ter et al. (2005) were
applicable to mangrove areas. Applying those general
guidelines, and incorporating guidance concluded by
Fig. 5 Vulnerability triangle showing results from Cameroon,
Fiji and Tanzania mangrove assessments
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Cooper and McLaughlin (1998), the following specific
points are recommended for mangrove vulnerability
assessments:
1. The objectives of the assessment should be clear
to all, being quantitative assessment of compo-
nents of vulnerability to assist management
Fig. 6 Management strategies to promote vertical accretion in mangroves
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decisions regarding climate change adaptation
planning.
2. The study area should be a landscape/seascape
unit such as a watershed, rather than a country.
The scale should be such that exposure factors are
uniform within the study area.
3. The approach should be interdisciplinary to
encompass the human–biophysical environment
system rather than human or environmental
systems in isolation.
4. The global change drivers included should be
recognized as multiple and interacting with socio-
economic development and land-use changes.
5. The approach should be participatory, including
stakeholders to include their perspectives, and
knowledge; involve local communities living in
and adjacent to the mangrove area, and engage
both groups in management planning.
6. The assessment should be both historical and
future looking. Past site biophysical and social
records show resilience or changeability that both
assist in understanding vulnerability.
7. Vulnerability assessments should allow for dif-
ferential adaptive capacity. Management options
may be constrained by inadequate resources or
information or political–institutional barriers.
Conclusions
Most ecosystem based vulnerability assessments for
climate change impacts have focussed on climate
warming and CO2 direct effects (Sutherst et al. 2007;
Zhao et al. 2007; Nitschke and Innes 2008; Glick and
Stein 2010). Applications of the vulnerability scoping
diagram (Polsky et al. 2007; Moreno and Becken
2009; Nicholas and Durham 2012) have allowed
comparable approaches to vulnerability assessment,
and before this study there has been no previous
application of this approach to mangroves or other
wetlands. These previous applications have also
focussed on climate change rather than associated
sea level rise, and this study differs in that it largely
focusses on sea level rise vulnerability components.
The potential impacts of sea level rise on mangroves as
part of climate change impacts is a subject that has
received a wealth of research and review over the last
20 years (Table 1). Coastal vulnerability related to sea
level rise risks has also received a wealth of research
over the same period (Gornitz 1991; Gornitz et al.
1993; Freitas et al. 2006; Diez et al. 2007; Hegde and
Reju 2007; Rao et al. 2008; Dwarakish et al. 2009;
Abuodha and Woodroffe 2010; Pendleton et al. 2010;
Ozyurt and Ergin 2010; Yin et al. 2012; Frihy and El-
Sayed 2013). Developing from both areas of research,
this study has contributed a generalizable methodol-
ogy by which different mangrove systems may be
assessed for vulnerability to climate change impacts,
in order to clearly identify management priorities in
what is usually a limited budget situation for man-
grove management.
The approaches of this ranking system for vulner-
ability assessment of mangrove systems are multidis-
ciplinary, integrating biotic and abiotic factors along
with human management components. They include
accurate and validated methods that have previously
been developed for other research questions, such as
for determining the health of mangrove forests, coral
reefs and seagrass as well as spatial analysis of coastal
changes, topographic survey and palaeoecological
reconstruction of past sea levels. Such multidisciplin-
ary approaches are necessary to giving human com-
munities and decision-makers ways to assess
ecological integrity of ecosystems under stress (Borja
et al. 2008), and use of standard techniques allows the
incorporation of pre-existing data. Forest assessment
methods if monitored will provide warning systems
for changes in environmental conditions, a stress test
providing information for adaptation pathways (Swart
et al. 2013) to keep the mangrove system within the
bounds of tolerable risk.
If a tested component has resulted in a low
vulnerability rank, such as good mangrove condition,
positive tree growth, or no seaward edge retreat, while
this resilience is an encouraging result, ongoing
monitoring is necessary to detect any change in
condition. The ability to monitor and anticipate
vulnerability is a benefit for potentially affected places
and systems (Stern et al. 2013), particularly man-
groves which are known to have climate change
vulnerability. Vulnerability assessment is not there-
fore a one-off assessment, within the context of a
discrete study, rather, it is a starting point that provides
important, yet provisional, indications of climate
change vulnerability and resilience. The results
obtained effectively form a baseline against which to
establish long-term ongoing monitoring, to continue to
assess the complex dynamics of climate change
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impacts, and make the best strategic management
decisions as these occur.
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